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Stimulated by the recent report by Yaghi and co-workers of hexagonal metal-organic frameworks (MOF)
exhibiting reversible binding of up to 7.5 wt % at 77 K and 70 bar for MOF-177 (called here IRMOF-2-24),
we have predicted additional trigonal organic linkers, including IRMOF-2-60, which we calculate to bind 9.7
wt % H2 storage at 77 K and 70 bar, the highest known value for 77 K. These calculations are based on grand
canonical Monte Carlo (GCMC) simulations using force fields that match accurate quantum mechanical
calculations on the binding of H2 to prototypical systems. These calculations were validated by comparison
to the experimental loading curve for IRMOF-2-24 at 77K. We then used the theory to predict the effect of
doping Li into the hexagonal MOFs, which leads to substantial H2 density even at ambient temperatures. For
example, IRMOF-2-96-Li leads to 6.0 wt % H2 storage at 273 K and 100 bar, the first material to attain the
2010 DOE target.
1. Introduction
A major technical obstacle to the widespread use of hydrogen
as a nonpolluting fuel for automobiles is the lack of a safe and
efficient system for on-board storage. Recently Yaghi and co-
workers pioneered the metal-organic frameworks (MOFs), a
new class of ordered, three-dimensional extended solids com-
posed of metal ions and organic linkers that comprise promising
material for H2 storage.1 For example cubic crystalline MOF-5
(denoted herein as IRMOF-1-6) has an extraordinarily low
density (0.59 g/cc) and high surface area (3534 m2/g) while
binding 5.2 wt % of H2 at 77 K and 45 bar.2 These cubic
crystalline MOFs show increasing H2 density as the size of the
aromatic organic linker increases, particularly with increased
pressure.3,4 Indeed we recently reported4 that cubic crystalline
MOF-C30 (denoted herein as IRMOF-1-30) exhibits H2 storage
of 6.5 wt % at 77 K and 20 bar, and that using Mg based nodes
increases the hydrogen storage capacity up to 8.1 wt % for 20
bar.
Recently the Yaghi group reported that hexagonal MOF-177
(denoted herein as IRMOF-2-24) shows a H2 uptake of 7.5 wt
% at 77 K and 70 bar, the highest experimental value reported
to date.2 Even so these best current MOF materials do not meet
the 2010 DOE (Department of Energy) criteria for use in
transportation (at least 6.0 wt % for temperatures above 243 K
at pressures below 100 bar).5 We recently predicted that doping
these cubic MOFs with lithium, Li can lead to an uptake of 6.0
wt % at 243 K and 100 bar.6
In this work, we report the H2 adsorption behavior for
hexagonal MOFs with a variety of organic linkers. We find new
hexagonal MOFs that show increased H2 uptake compared to
cubic. For example, the IRMOF-2-60 has a H2 storage capacity
of 9.7 wt % at 77 K and 90 bar, higher than the best previous
report for undoped MOFs (7.5 wt % for MOF-177).2
In addition, we find that lithium doping enhances H2 storage
of the hexagonal MOFs at ambient temperature. Thus, Li-doped
IRMOF-2-96 is predicted to have a remarkable H2 storage
capacity of 6.5 wt % at 243 K and 100 bar, and meets the 2010
DOE target of 6.0 wt % even at 273 K and 100 bar.
2. Notation
As Omar Yaghi pioneered the isoreticular MOF systems, the
numbering scheme was more-or-less chronological, e.g., MOF-
1, MOF-2, etc. As other workers entered the field, they generally
worked together with Prof. Yaghi to assign unique names ever
for materials that Yaghi had not developed. In our work on cubic
MOF materials, we used a simpler naming convention that
included the number of carbons in the organic linkers and added
notations when other metals were used in the inorganic linkers
or when dopants such as Li were added.4,6 Thus
• MOF-5 (IRMOF-1) of Yaghi was MOF-C6 in Han and
Goddard (HG).
• MOF-8 of Yaghi was MOF-C10 in HG.
• MOF-C30 of HG was a new compound not previously
synthesized experimentally.
In order to systematize the naming to make it more
mnemonic, we have agreed with Prof. Yaghi to a modified
notation that we can both use for future papers. We plan a joint
paper to discuss this notation, but the current paper has been
switched to the new notation.
The general form for the MOF materials is
• an inorganic node with n points each connected to an organic
ligand and
• organic linker ligands with m connecting points each
connected to an inorganic node.
Thus the cubic MOFs (e.g., MOF-5 and IRMOF-8) have
n ) 6 and m ) 2 or {6,2}. On the other hand the hexagonal
MOF (MOF-177) has n ) 6 and m ) 3 or {6,3}.
We will now refer to
• all MOFs with the {6,2} topology as the isoreticular MOF-1
family or IRMOF-1.
• All MOFs with the {6,3} topology the IRMOF-2 family.
Within each family, we use a name referring to the number
of carbons in the linker. In this notation
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• MOF-5 of Yaghi which is the MOF-C6 of HG becomes
IRMOF-1-6.
• MOF-8 of Yaghi which is the MOF-C10 of HG becomes
IRMOF-1-10.
• MOF-C30 of HG becomes IRMOF-1-30.
• MOF-177 of Yaghi becomes IRMOF-2-24.
For Li doped MOF materials, e.g. the best for H2 storage,
which was previously denoted as Li-MOF-C30, we now use
the notation IRMOF-1-30-Li.
In this paper, we will consider generalizations of the MOF-
177 hexagonal family (i.e., IRMOF-2-24) to five other hexagonal
systems.
3. Computational Details
Our previous studies4 showed that the maximum H2 storage
for MOFs depends on the organic linker. Thus in this work we
considered H2 uptake behavior of hexagonal MOFs with a
variation of organic linkers.
Figure 1 shows the atomistic structures of several MOFs
considered in this work. Here we use the Zn4O(CO2)6 cluster
as the node to link trigonal organic aromatics to form hexagonal
structures. In these systems the interactions of the central aryl
unit causes a 33 to 71° twist of the three attached aromatic units,
leading to C3 symmetry. For the Li doped systems, we
determined the positions of Li atoms using density functional
theory (X3LYP flavor),7 finding that the Li atoms on adjacent
aromatic rings are on opposite sides.6 Moreover various physical
properties (lattice parameters, surface area and free volume) of
hexagonal MOFs considered in this study are summarized in
Table 1.
To calculate the H2 uptake of hexagonal MOFs as a function
of temperature and pressure, we used the grand canonical
ensemble Monte Carlo (GCMC) technique.9 To obtain an
accurate measure of H2 loading, we constructed 10 000 000
configurations to compute the average loading for each tem-
perature and pressure. This determines the equilibrium loading
of H2 as a function of pressures and temperature. To eliminate
boundary effects, we used an infinite three dimensionally
periodic cell containing 32 Zn atoms.
The force field used in the GCMC calculations was based
on quantum mechanics (QM) [second order Mølller-Plasset
(MP2)] expected to yield accurate binding energies of H2 to
the MOF materials. For binding H2 to the metal-oxide cluster
the MP2 used the triple- TZVPP basis sets, while for binding
H2 to the organic linkers, we used MP2 with the quadruple-
QZVPP basis set. Similar calculations were used to describe
the interaction of H2 with aromatics doped with Li.4,5
These methods were validated by comparing to the experi-
mental H2 density of cubic MOF systems (IRMOF-1-6), where
we found 1.28 wt % at 77 K and 1 bar compared to 1.32 wt %
experimental.4 We report here additional validations for the
hexagonal systems.
Figure 1. Atomistic structures of hexagonal MOFs. The Zn4O(CO2)6 connector (a) couples to six organic linkers (b) through the O-C-O common
to each linker. The large violet atoms in the linkers represent Li atoms above the linkers while small violet Li atoms lie below the linker. An
overview of the IRMOF-2-96 crystal structure is shown in (c). IRMOF-2-24 was previously synthesized experimentally by Yaghi and co-workers
(denoted as MOF-177).
TABLE 1: Physical Properties of Hexagonal MOFs
property IRMOF-2-24b IRMOF-2-42 IRMOF-2-60 IRMOF-2-54 IRMOF-2-96
lattice parametera (Å) a: 37.3227b a: 47.8560 a: 61.3717 a: 47.4396 a: 60.6735
c: 30.1416b c: 39.9479 c: 50.6624 c: 38.9639 c: 51.8335
surface areac (m2/g) 4780d 5722d 6331d 5112d 5175d
(4834)e (5718)e (6316)e (5116)e (5278)e
free volumed (cm3/g) 1.54d 2.82d 5.08d 2.17d 3.39d
(1.38)e (2.55)e (4.63)e (1.88)e (2.94)e
a Optimized structures using the DREIDING force field.8 All hexagonal MOFs have crystals with R )  ) 90°, γ ) 120° b This material
was denoted as MOF-177. Experimental values are a ) 37.0720 and c ) 30.0333 at 300 K. c Solvent accessible surface area calculated
assuming a probe radius of 1.2 Å (using Cerius2). d For pure MOFs. e For Li doped MOFs. f Solvent accessible free volume assuming a probe
radius of 1.2 Å (using Cerius2).
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4. Results and Discussion for Pure New Hexagonal MOF
Materials
4.1. H2 Storage at 77 K. Figure 2 shows the excess H2
isotherm and total H2 isotherm of pure hexagonal MOFs at 77
K up to 100 bar. The excess H2 storage was calculated as the
total amount of H2 gas contained in the pores minus the amount
of the gas that would be present in the pores in the absence of
gas-solid intermolecular forces.10 For IRMOF-2-24 (known
previously as MOF-177), our simulated H2 isotherm is in good
agreement with experiment.2 For example we calculate 7.1
wt % at 80 bar which can be compared to 7.4 wt % from
experiment at 70 bar.2
Our simulations find the highest H2 density for IRMOF-2-
60: 9.7 wt % at 90 bar. It is higher than the maximum capacity
of 7.2 wt % for the best cubic MOF4 using Zn4O(CO2)6
inorganic linkers, IRMOF-2-60 (known previously as MOR-
C30).
None of the total H2 uptake isotherms are saturated at 100
bar. The total H2 storage capacities at 100 bar are 8.8 wt %
for IRMOF-2-24, 11.9 wt % for IRMOF-2-54, 13.9 wt % for
Figure 2. Predicted excess H2 (a) and total H2 (b) isotherms for hexagonal MOF systems at 77 K. The experimental data on IRMOF-2-24 (known
previously as MOF-177) is from ref 2. Here the color code is cyan ) IRMOF-2-24, blue ) IRMOF-2-42, green ) IRMOF-2-60, red ) IRMOF-
2-54, and black ) IRMOF-2-96.
Figure 3. Effects of isosteric heat of adsorption (Qst) (a), free volume (b), and surface area (c) of MOFs on excess H2 uptake in pure MOFs at 1
(a), 30 (b), and 100 bar. A linear regression analysis of this data leads to the contributions shown in (d) where an R2 near 1 indicates a good
correlation.
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IRMOF-2-42, 14.8 wt % for IRMOF-2-96, and 18.8 wt % for
IRMOF-2-60.
4.2. Relation of Pressure Dependence to Physical Proper-
ties. Figure 3a compares the excess H2 adsorption at 1 bar and
77 K with the computed isosteric heat Qst evaluated at 1 bar
for the five MOFs. We see a nearly linear relation with the
effectiveness for H2 density is in the order: IRMOF-2-96 >
IRMOF-2-54 > IRMOF-2-60 > IRMOF-2-42 > IRMOF-2-
24. At 30 bar we see that the order of excess H2 adsorption is
IRMOF-2-60 > IRMOF-2-96 > IRMOF-2-42 > IRMOF-2-54
> IRMOF-2-24.
Figure 3b shows the H2 density at 30 bar and 77 K is linearly
increased with free volume of MOFs.
Figure 3c shows how the excess H2 adsorption depends on
surface area, indicating the importance of surface area at 100
bar. Here the effectiveness has the order: IRMOF-2-60 >
IRMOF-2-42 > IRMOF-2-96 > IRMOF-2-54 > IRMOF-2-
24.
Here we calculate the surface area as the solvent accessible
surface for rolling a ball of radius 1.2 Å around the system.
For IRMOF-2-24 we calculate 4780 m2/g in excellent agreement
with the experimental N2 BET surface area (4746 m2/g),2
indicating that we can ignore the effects of surfaces, grains,
and defects in the experimental samples (similar results were
also found for IRMOF-1 systems).12
This behavior is similar to previous results3d for cubic
crystalline MOFs, except that the previous study found that the
total H2 adsorption at intermediate pressure (e.g., 30 bar)
correlates best with surface area.
We carried out a first-order linear regression analysis3d to
determine the contribution of each of these quantities to the
total, as shown in Figure 3d. This analysis shows that
• at low pressure (1 bar) the excess amount adsorbed in Figure
3a-c is determined mainly by the heat of adsorption.
• At intermediate pressures (30 bar), the amount adsorbed is
determined mostly by the free volume but also the surface area.
• At the highest pressure (100 bar) the amount adsorbed is
determined mostly by the surface area but also the free volume.
In the case of total H2 adsorption behavior, the order is similar
to the excess case with the exception that the order at 100 bar
is same to one at 30 bar, indicating that at 100 bar free volume
of MOFs is the most important factor for H2 storage.
These results show that a high free volume of the MOF is
required to obtain the highest total uptake of H2 while high
surface area is required for the highest excess uptake of H2.
We find that the excess H2 uptake of various MOFs at 90 bar
depends linearly on the calculated surface area, which is
consistent with recent experimental results from the Yaghi
group.2
The linkers shown in Figure 1 can be classified into a single-
linked aromatic ring group (IRMOF-2-24, IRMOF-2-42, and
IRMOF-2-60) and a polyaromatic group (IRMOF-2-54 and
IRMOF-2-96). In pure MOF cases, the polyaromatic group
shows higher H2 uptake at low pressure due to higher H2 heat
of adsorption (Figure 3a). Our previous MP2 calculation
revealed that the more aromatic rings leads to the higher H2
binding energy.4 For example, H2 binding energies to benzene
and naphthalene are -3.81 and -4.27 kJ/mol, respectively.4
However, a single-linked aromatic group has generally higher
surface and free volume than a polyaromatic group. Exposing
the latent edges of the six-membered rings lead to significant
enhancement of specific surface area.1c A surface area of the
IRMOF-2-42 is 5722 m2/g, which is higher than 5112 m2/g for
the IRMOF-2-54 and 5175 m2/g for the IRMOF-2-96 although
the IRMOF-2-42 is consisted of aromatic linkers with lower
numbers of carbon atoms. Thus at high pressure a single-linked
aromatic group can store more H2 than a polyaromatic group.
Figure 4. Predicted excess H2 adsorption isotherms in gravimetric units (wt %) at 300 K for pure MOFs (circles) and Li doped MOFs (stars). Here
the color code is IRMOF-2-24-Li ) cyan, IRMOF-2-42-Li ) blue, IRMOF-2-60-Li ) green, IRMOF-2-54-Li ) red, and IRMOF-2-96-Li ) black.
(a) predicted excess H2 storage for IRMOF-2-xx-Li (xx ) 24, 42, 54, 60, and 96) as a function of temperature and pressure. And (b) predicted
excess H2 storage for IRMOF-2-xx-Li (xx ) 24, 42, 54, 60, and 96) at various temperatures for 100 bar as a function of linker carbons. The DOE
target of 6 wt % is achieved for IRMOF-2-96-Li. Here the symbol code is 243 K ) star, 273 K ) triangle, and 300 K ) square and black ) 20
bar, red ) 50 bar, and blue )100 bar.
Figure 5. Relationship between H2 uptake in IRMOF-Li at 300 K
and multiple values of heat of adsorption (Qst) and surface area (SA).
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5. Results and Discussion for New Li-Doped Hexagonal
MOF Materials
As seen in Figure 4a, the calculated H2 storage amount of
pure MOFs at 300 K is very low. The highest H2 uptake is 1.2
wt % at 100 bar for IRMOF-2-96, which remains much lower
than the 2010 DOE target.
Previously we had considered doping Li into cubic crystalline,
MOFs where our GCMC simulations found the significant
increase of H2 storage at 300 K.6 This results from the strong
stabilization of molecular H2 by Li bonded to the aromatics.
For example, Li-doped IRMOF-1-30-Li (previously denoted
MOF-C30) with a Li concentration of C5Li has 5.2 wt % at
300 K and 100 bar.6
Thus to improve H2 density of hexagonal MOFs at ambient
temperature, we investigated the effect of Li doping on H2
storage capacity of hexagonal MOFs. Indeed Figure 4 shows
that Li doping improves remarkably the H2 uptake at 300 K.
We find that Li doping leads to ‘type I’ H2 isotherm curves13
rather than the linear isotherms in pure MOFs. We also find
that the isotherms are not saturated up to 100 bar. At 300 K the
best Li-doped MOF is IRMOF-2-96-Li, which stores 4.4 wt %
at 20 bar, 5.0 wt % at 50 bar, and 5.6 wt % at 100 bar. For
cubic crystalline Li-doped IRMOF-1-30 we found 3.9 wt % at
20 bar and 4.6 wt % at 50 bar.6
We also predicted the H2 storage capacity for Li-doped MOFs
at various temperature and pressure conditions (Figure 4b). For
all temperatures and pressures, we find that IRMOF-2-96-Li
has the highest gravimetric H2 density. For example, at a
pressure of 100 bar, IRMOF-2-96-Li has 5.6 (300 K), 6.0 (273
K), and 6.5 wt % (243 K). Thus IRMOF-2-96-Li reaches the
DOE target of 6.0 wt % up to 273 K. At 50 bar IRMOF-2-96-
Li can store 6.0 wt % H2 at 243 K, a pressure much lower than
the (100 bar) required for IRMOF-1-30-Li.6 In addition, at 243
K and 100 bar, both IRMOF-2-54-Li and IRMOF-2-60-Li meet
the DOE target. At 273 K, only IRMOF-2-96-Li reaches the
DOE target at 100 bar.
Experimentally pure MOFs show reversible adsorption and
desorption behavior for hydrogen.1 Moreover, experiments by
Mulfort and Hupp show that there is no hysteresis between
adsorption and desorption isotherms of H2 in the Li-doped
MOFs synthesized using redox-active ligands,14 supporting our
result that H2 binding of Li-doped MOFs shown in Figure 4 is
reversible. Indeed Mulfort and Hupp confirm our prediction that
Li doping enhances H2 storage capacity.
Figure 4 shows that the order of excess gravimetric H2 density
of Li doped MOFs at 300 K is IRMOF-2-96-Li > IRMOF-2-
54-Li > IRMOF-2-60-Li > IRMOF-2-42-Li > IRMOF-2-24-
Li up to a pressure of 100 bar.
This order of binding does not correlate individually with
isosteric heat of adsorption, free volume, or surface area.
However, we do find a linear correspondence of the H2 density
with a combination of heat of adsorption and surface area (see
Figure 5). Thus for Li-doped MOFs, the H2 adsorption behavior
at 300 K depends on both heat of adsorption and surface area
up to 100 bar.
In the Li-doped MOFs, the H2 uptake relies on both heat of
adsorption and surface area in all pressure range (Figure 5). A
single-linked aromatic ring group occupies the only C6Li
composition irrespective of the number of carbon atoms, while
in a polyatomic group the more carbon atoms can show the
higher lithium concentration, leading to significant increase of
heat of adsorption of H2 due to strong interaction between H2
and Li. Therefore although a surface area of IRMOF-2-96-Li
is lower than those of IRMOF-2-60-Li and IRMOF-2-42-Li, it
can store most H2 among MOFs considered in this work.
For a hydrogen storage medium to be practical, one must
consider both volumetric uptake and gravimetric uptake. Thus,
we calculated excess and total volumetric H2 density for Li-
doped MOFs as functions of temperature and pressure, which
is shown in Figure 6. The best volumetric H2 storage at all
temperatures and pressures is found for the IRMOF-2-54-Li
system. At 100 bar, it leads to excess adsorption H2 of 19.2
(300 K), 20.7 (273 K), and 22.6 g/L (243 K), which is lower
than the 2010 DOE target (45.0 g/L).
Considering total H2 adsorption, the IRMOF-2-54-Li shows
H2 uptake amount of 23.3 (300 K), 25.2 (273 K), and 27.5 g/L
(243 K) at 100 bar. Although IRMOF-2-54-Li has lower Li
concentration than IRMOF-2-96-Li, the volumetric uptake is
higher in IRMOF-2-54-Li because of its lower free volume. This
effect is obviously observed in a single-linked aromatic group.
In the MOFs, the Li concentration is fixed by C6Li, however
free volume is increased with the number of carbon atoms,
leading to the fact that in volumetric H2 uptake aspect IRMOF-
2-60-Li is worst due to the highest free volume size.
Finally, we compare hexagonal and cubic MOFs as hydrogen
storage media. Here we use same methods as reported previ-
ously4 for H2 adsorption behavior of cubic MOF with polyaro-
matic linkers and Zn4O(CO2)6 metallic connectors. Our simu-
lations predicted that the IRMOF-1-30 system is the best
candidate among cubic MOFs with a maximum H2 storage
capacity of 7.2 wt % at 77 K.4 This is lower than all the
hexagonal MOFs considered in this present work, where we
Figure 6. Predicted excess (a) and total (b) H2 density in volumetric units for IRMOF-Li as a function of temperature and pressure. Here the
symbol code is 243 K ) star, 273 K ) triangle, 300 K ) square and black ) 20 bar, red ) 50 bar, and blue ) 100 bar.
High H2 Storage of Hexagonal Metal-Organic Frameworks J. Phys. Chem. C, Vol. 112, No. 35, 2008 13435
find 7.5 wt % for IRMOF-2-24, 8.9 wt % for IRMOF-2-42, 8.4
wt % for IRMOF-2-54, 9.7 wt % for IRMOF-2-60, and 8.7 wt
% for IRMOF-2-96). Since the cubic and hexagonal MOFs have
similar chemical architectures, the adsorption energies for H2
in the two families are similar. The difference in the maximum
H2 storage capacity is related to the surface areas of the MOFs
as explained in Figure 3. Cubic IRMOF-1-30 has 30 carbon
atoms in aromatic rings, 6 more than the hexagonal IRMOF-
2-24. However, the surface area of MOF-C30 (4641 m2/g) is
lower than that of IRMOF-2-24 (4780 m2/g), leading to
increased H2 storage for the hexagonal MOF. Therefore, we
consider that the triconnecting linkers of the hexagonal MOF
are responsible for the higher surface area of the MOF compared
to the biconnecting linkers of the cubic MOFs.
In Li-doped MOFs, IRMOF-1-30-Li with a C5Li concentra-
tion stores 5.2 wt % H2 at 300 K and 100 bar,6 which is lower
than the 5.6 wt % of IRMOF-2-96-Li which a C5.05Li concen-
tration, but it is higher than other hexagonal MOFs (3.8 wt %
for IRMOF-2-24-Li, 4.0 wt % for IRMOF-2-42-Li, 5.0 wt %
for IRMOF-2-60-Li, and 5.1 wt % for IRMOF-2-54-Li).
Figure 5 clarifies the H2 adsorption behavior for Li-doped
MOFs near room temperature, showing that it depends on both
heat of adsorption and surface area. Therefore although the
lithium concentration (C5.05Li) in IRMOF-2-96-Li is similar to
that (C5Li) in IRMOF-1-30-Li (they have similar H2 binding
energies), the former shows higher H2 uptake than the latter
since the surface area (5278 m2/g) of IRMOF-2-96-Li is higher
than that (4693 m2/g) of IRMOF-1-30-Li. As a result Li-MOF-
C30 can barely reaches the 2010 DOE target at 243 K and 100
bar, but IRMOF-2-96-Li meets the target even at 50 bar and
243 K. Indeed IRMOF-2-96-Li successfully reaches the target
at 273K. These results indicate that it is the higher surface area
that makes hexagonal MOF superior to cubic MOF.
6. Summary
Summarizing, we used GCMC simulations to show that
IRMOF-2-60 can achieve 9.7 wt % H2 storage at 77 K and 90
bar pressure, better than any other material for associative
binding of H2 at this temperature. This excess H2 uptake at 77
K for hexagonal MOFs is mainly determined by the heat of
adsorption of H2 at low pressure (1 bar), by the free volume of
MOFs at intermediate pressure (30 bar), and by the surface area
at high pressure (100 bar).
We find that Li doping into the MOFs leads to significant
enhancement of H2 uptake at ambient temperature. Indeed
IRMOF-2-96-Li leads to 6.5 wt % reversible H2 storage at 243
K and 100 bar, reaching the 2010 DOE target. For Li-doped
MOFs the H2 uptake behavior near room temperature both the
heat of adsorption and the surface area are important. Thus since
hexagonal MOFs generally have higher surface area than cubic
ones, they lead to higher H2 uptake under the same conditions.
The accuracy of these GCMC simulations (using FFs
determined from accurate QM calculations) was validated by
comparison with the experimental loading for IRMOF-2-24 up
to a pressure of 100 bar.
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